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ABSTRACT 

Dendritic cells (DCs) are potent antigen presenting cells that exist in virtually every tissue, and from 
which they capture antigens and migrate to secondary lymphoid organs where they activate naive T cells. 
Although DCs are normally present in extremely small numbers in the circulation, recent advances in DC 
biology have allowed the development of methods to generate large numbers of these cells in vitro. Be- 
cause of their immunoregulatory capacity, vaccination with tumor antigen-presenting DCs has been pro- 
posed as a treatment modality for cancer. In animal models, vaccination with DCs pulsed with tumor pep- 
tides, lysates, or RNA or loaded with apoptotic/necrotic tumor cells could induce significant antitumor 
CTL responses and antitumor immunity. However, the results from early clinical trails pointed to a need 
for additional improvement of DC-based vaccines before they could be considered as practical alterna- 
tives to the existing cancer treatment strategies. In this regard, subsequent studies have shown that DCs 
that express transgenes encoding tumor antigens are more potent primers of antitumor immunity both in 
vitro and in vivo than DCs simply pulsed with tumor peptides. Furthermore, DCs that have been engi- 
neered to express certain cytokines or chemokines can display a substantially improved maturation sta- 
tus, capacity to migrate to secondary lymphoid organs in vivo, and abilities to stimulate tumor-specific 
T cell responses and induce tumor immunity in vivo. In this review we also discuss a number of factors 
that are important considerations in designing DC vaccine strategies, including (i) the type and concen- 
trations of tumor peptides used for pulsing DCs; (ii) the timing and intervals for DC vaccination/boost- 
ing; (Hi) the route of vaccination; and (iv) the maturation status of the DCs. Taken together, the avail- 
able data on DC vaccination portends bright prospects for this approach to tumor immune therapy, either 
alone or in conjunction with other therapies. 
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INTRODUCTION 

Mature dendritic cells (DCs) are characterized by 
having numerous membrane processes that take 
the form of dendrites, pseudopods, or veils. As 
the most potent antigen -pre sen ting cells (APC) 
for primary immune responses, they are also 
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characterized by displaying high levels of major 
histocompatibility complex (MHC) class II anti- 
gens, and various adhesion and costimulatory mol- 
ecules (e.g., CDlla, CDllb, CDllc, and CD54) 
on their surface. As with other APCs, the cos- 
timulation-associated molecules CD80, CD86, 
and CD40 are expressed on mature DCs, and 
CD 83 is now recognized also as specific marker 
of mature human DCs. But DCs can process anti- 
gens via the classical pathway, whereby endoge- 
nous antigens are delivered via proteosomes into 
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the MHC class I compartment, and exogenous 
antigen via endocytic lysosomes into the MHC 
class II compartment. DCs also posses an alter- 
native pathway of antigen processing and can 
route exogenous antigen into the MHC class I 
pathway through a mechanism known as cross- 
priming. They can also utilize molecular chaper- 
ones, such as heat shock protein (hsp), to deliver 
antigens via the class I pathway. 1 Murine splenic 
DCs can express CD4 or CD8 markers. It is 
known that various subsets of DCs exist in hu- 
mans and mice and that they can play differing 
roles in the regulation of immune responses. 2 " 4 
DCs have also been shown capable of inducing 
strong antitumor immunity. 5 

DCs migrate as precursors from bone marrow 
into various organs, where they usually reside in 
an immunologically inactive state, during which 
they possess the ability to efficiently endocytose 
and process antigens. 6 They can be activated 
however by an array of inflammatory stimuli, af- 
ter which they undergo a differentiation process 
that down-regulates further antigen-processing 
capabilities, but enhances their expression of 
MHC, co-stimulatory, and other molecules im- 
portant for successful antigen presentation. They 
then migrate to regional lymphoid organs to in- 
teract with naive T cells. 7 This capacity of stim- 
ulated DCs to migrate into T cell-rich areas of 
lymph nodes is key to the successful induction of 
protective immunity. 6 Recent studies have dem- 
onstrated that chemokines play critical roles in 
this directed migration. Immature DCs respond to 
inflammatory chemokines (e.g., MCP-1, MIP-lo:, 
MIP-3a, and RANTES) via their CCR1, CCR2, 
CCR5, CCR6, and CXCR1 receptors and are 
thereby drawn to sites of inflammation, whereas 
mature DCs respond via the CCR-7 receptor to 
the MIP-3/3 and SLC expressed strongly in the 
lymph nodes. 8 " 10 

Based upon the availability of recombinant cy- 
tokines essential for DCs growth and maturation 
(e.g., GM-CSF, IL-4) 11 ' 12 bone marrow (BM)-de- 
rived DCs can now be generated in large num- 
bers simply by culturing BM cells in GM- 
CSML-4. 13 However, the phenotype of the DCs 
so-generated is critically dependent upon the pre- 
cise culture conditions. BM cells cultured with 
low doses of GM-CSF (2 ng/mL) alone or high 
doses of GM-CSF and IL-4 (each, 10-20 ng/mL) 
can differentiate into immature DCs (DCimat) or 
relatively mature DCs (DCrmat), respectively. 11 
DCimat lack expression of MHC Class II and 
costimulatory molecules, while DCrmat express 



intermediate levels of MHC class II and CD80 
and low levels of CD40. DCrmat can be induced 
to full cellular maturity (i.e., DCmat) by expo- 
sure to stimuli such as LPS, DNA, TNF, hsp or 
agonistic anti-CD40 antibodies; 7,14 ™ 16 they then 
express yet higher levels of MHC class II, CD40, 
CD80, as well as other maturation markers. In- 
jection of Flt3-ligand into humans or mice leads 
to a substantial expansion of the total DC popu- 
lation, 17 " 19 while adenoviral transduction of DC 
precursors with a GM-CSF gene renders exoge- 
nous GM-CSF supplementation unnecessary for 
the production of mature DCs in culture. 20 Such 
technical advances, combined with an increasing 
knowledge of the powerfully important roles DC 
can have in the initiation of immune responses, 
have provided a compelling impetus for pursuing 
DCs-based immunotherapies for cancer. The pur- 
pose of this review is to briefly summarize the re- 
cent progress in this field. By drawing inferences 
from animal models and supporting these with 
empirical data from clinical trials with human DC 
(see Table 1), we will highlight the promises of 
the new generation of DC-based cancer vaccines, 
including tumor antigen-presenting, and geneti- 
cally-engineered immunostimulatory DCs. 



INDUCTION OF ANTI-TUMOR 
IMMUNITY WITH TUMOR ANTIGEN- 
PULSED DCs 

Tumor-antigen-pulsed DCs have been demon- 
strated to induce the development of MHC-class 
I- and class Il-specific T cell responses in vitro 
and in vivo. DCs pulsed in vitro with peptide 
antigen and subsequently given to animals can 
induce antigen-specific, cytotoxic T lymphocyte 
(CTL)-mediated protection against lethal tumor 
challenges, and can even induce regression of 
established tumors. 5 While administration of tu- 
mor peptides alone can lead to peptide-specific 
CTL tolerance, delivery of the same peptide by 
DCs can lead to dramatic immunostimulation. 21 
As shown in Table 1, delivery by DCs of an ar- 
ray of human and mouse tumor antigens/pep- 
tides can lead to marked antitumor immune re- 
sponses. Specifically, MHC-restricted synthetic 
tumor-associated peptides, such as melanoma- 
related antigen, 22 " 28 endogenous retroviral gene 
products gp70/pl5E 29 carcinoembryonic anti- 
gen (CEA), 30 > 31 folate binding protein (FBP), 32 
prostate-specific membrane antigen (PMSA), 33 
survivin, 34 MUC-1, 35 HER2/neu, 36 " 38 and idio- 
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Table 1. DC-Based Vaccine of Cancer 


DC vaccine 


Mouse 


Huntcin 


Peptide pulsed 


Mut I 5 , OVA 5 , gP 70/pl5E 29 , HER2/neu 35 , 


MAGE-1/3, Melan-A, gplOO, tyrosinase 22 " 28 , 




bcr-abl 43 , E7 5 ' 47 , Id-KLH 145 , TRP-2 146 


CEA 30 ' 3i , FBP 32 , PMSA 33 , Survivin 34 , MUC-1 38 , 
HER2/neu 36,37 , Idiotype 39 ' 42 , bcr-abl 44 , E7 45 ' 46 


Lysate pulsed 


mammary carcinoma 49 , hepatocellular 


melanoma 23 , lung tumor 49 , pancreatic 




carcinoma 50 , murine renal 


carcinoma 53 , brain tumor 54,55 , ovarian cancer 56 , 




carcinoma 51 , gliomas 52 , B16 


parathyroid carcinoma 57 , breast tumor 58 , 




melanoma 146 , MCA 105 sarcoma 


uterine serous papillary cancer 59 , renal cell j 




cell, mammary adenocarcinoma TS/A 163 


carcinoma 60 " 63 , pediatric solid tumor 64 


RNA pulsed 


B16/F10.9 melanoma tumor 65 , MUC-1 71 


CEA-positive colorectal cancer 65 , CEA 66,68 , 
HIV gag 70 , PSA 72 , colorectal cancer 74 , bladder 
cancer 75 , renal tumor 76 


Apoptotic/necrotic 


melanoma cells 79 , BL6-10 94 , 


Jurkat T cell lymphoma 97 


tumor cells 


leukemia cells 95 , squamous cell 
carcinoma 96 




Gene modified 






Tumor antigen 


U A K A T">T 1 1 20 LTD t> o 1 17 no A 108 

nMARI-1 , nIRP-2 1 , PSA 1 , 


TTHJT>0 123 TDD ol2l A/TIT/"* 1 1 1 8 1 r»nl 06 

HbKz/neir , IKr-Z^ 1 , MUL-I 110 , gplUU luu 


genes 


Glioma cDNa 109 , MAGE-1 131 , 
p53 124 ' 125 , HugplOO 114 




Immunomo- 


IL-12 134 , IL-12+HER2/neu 122 , 




dulatory 


IL-2+ MUC-1 105 , TNF~a 131 ' 132 , IL-18 138 , 




molecule 


GM-CSF 127 ' 128 , SLC 141 - 142 , lympho- 




genes 


tactin 143 ' 144 , CD40 ligand 131 ' 152 ' 153 





typic protein (Id)-derived peptides, 39-42 synthetic 
bcr-abl chimeric nonapeptide (GFKQSSKAL) 
43)44 and a synthetic HPV 16 E7 [49-57] pep- 
tide, 45 " 47 have been identified, delivered to DCs 
and used, more or less successfully, in animal 
studies or clinical trials. 

Vaccination with DCs Bearing Specific 
Tumor Peptides 

DCs pulsed with individual, or cocktails of, pep- 
tides such as MART-l/Melan A, melanoma anti- 
gen (MAGE)-l, MAGE-3, gplOO, 22 or tyrosinase 
have been used to treat melanoma tumors, such 
that antigen-specific immunity has been induced 
by DC vaccination. Objective responses have 
been evident in 5 of 16 treated patients, with 2 
undergoing complete, and 3 partial, regression of 
metastases in skin, lung, pancreas, or other soft 
tissues. 23 " 25 In another trial, 16 patients with met- 
astatic stage IV melanoma were treated intra- 
venously (i.v.) with PBMC-derived DCs that had 
been pulsed with modified tyrosinase 368- 
376(37od) and gplOO 209-217(2iom) peptides; 10 
of these received one cycle, and 6 others two cy- 
cles, of treatment. One patient experienced a 
complete remission of lung and pleural disease 



after two cycles of DCs therapy. 6 MAGE actu- 
ally comprise a family of tumor-specific antigens 
expressed in various tumors, including bladder 
cancers, gastrointestinal carcinomas and mela- 
noma, but not in normal tissues (except for the 
testis). Thus, autologous DCs that have been 
pulsed with the human leukocyte antigen (HLA)- 
A24-specific MAGE-3 epitope peptide (IMPK- 
AGLLI) have been used for subcutaneous (s.c.) 
treatment of bladder cancer or gastrointestinal 
carcinoma patients. In these cases, antigen-spe- 
cific CTL response were significantly higher 
when induced by the IMPKAGLLI-pulsed autol- 
ogous DCs than following either tumor cell or 
untreated DC (i.e., not pulsed with tumor pep- 
tides) treatment alone; three of four IMPK- 
AGLLI-DC treated patients showed significant 
reductions in the sizes of lymph node and/or liver 
metastases. 27,28 

Overexpression of the proto-oncogene epider- 
mal growth factor receptor-2 (HER2/neu) occurs 
in 20-30% of patients with breast cancer, and is 
considered indicative of a poor prognosis. Thus, 
the presence of a detectable immune response to 
HER2/neu in some patients has suggested that 
this oncogene should perhaps be explored as a 
potentially key target for vaccine therapy, partic- 
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ularly since proto-oncogene expression/activa- 
tion is largely, or exclusively, restricted to trans- 
formed cells and their precursors. The overex- 
pression of HER2/neu is often detected in 
adenocarcinomas such as breast, ovarian, lung, 
and gastric cancers. Experimentally, weekly 
vaccination of BALB/c mice with syngeneic 
HER2/neu p 78o~788 peptide-pulsed DCs has led to 
suppressed growth of previously transplanted 
HER2neu-expressing syngeneic tumors. It is en- 
couraging that this HER2/neu P 78o-788 peptide is 
common to both murine and human HER2/neu. 
And that CD8 + CTL clones specific for HER2/ 
neu-expressing tumor cells have been established 
in vitro from HLA-A2402-positive human pe- 
ripheral blood lymphocytes, by repeated chal- 
lenge with peptide-pulsed autologous DCs. Thus, 
HER2/neu P 78o may function as a tumor rejection 
antigen/pep tide, at least in HLA-A2402-positive 
individuals; 36 HER2/neu p6 3-7i, 37 and HER-2/ 
neu[9(754)] 38 are alternate peptides also capable of 
inducing specific CTL. 

Just as with HER2/neu with melanoma and 
other tumors, the epithelial mucin MUC1 is over- 
expressed on many epithelial malignancies, some 
B-cell lymphomas and multiple myelomas, and on 
primary AML blasts. It has been shown that pri- 
mary AML blasts that constitutively express both 
MUC1 and HLA-A2 are efficiently and specifi- 
cally killed by CTLs from HLA-A2 4 " healthy 
donors previously vaccinated with DCs that had 
been pulsed with MUC1 -derived HLA-A2-re- 
stricted peptides. This suggests that MUCl-de- 
rived peptides could also potentially be used for 
immunotherapeutic approaches to some can- 
cers. 35 Indeed, patients with advanced breast and 
ovarian cancer can be efficiently vaccinated with 
autologous DCs pulsed with HER-2/neu- or 
MUCl-derived peptides; in 5 of 10 patients, pep- 
tide-specific CTLs could be detected in their pe- 
ripheral blood. The major CTL responses lasted 
for more than 6 months and were associated with 
the HER-2/neu-derived E 75 or the MUCl-de- 
rived Ml. 2 peptide, which suggests that these 
might be immunodominant peptides. These re- 
sults confirm that vaccination with DCs pulsed 
with a single tumor antigen can induce effector 
immune responses in patients with breast and 
ovarian cancer. 48 

The tumor vaccine approach of employing de- 
fined peptides to pulse DC relies on an accurate 
identification of the correct peptides to be uti- 
lized. These are chosen based on predicative al- 



gorithms to identify peptides with high binding 
affinity for HLA molecules, most commonly the 
HLA*A0201 alleles. Those peptides with dem- 
onstrated binding to HLA*A0201 are then as- 
sessed for their immunogenicity based upon their 
abilities to generate CTL in vitro. Although this 
approach may simplify the vaccine discovery 
process by limiting the numbers of antigens/pep- 
tides to be targeted, it has its own disadvantages, 
including the fact that the treatable patient base is 
restricted to those individuals expressing a HLA 
haplotype with a capacity to bind the identified 
tumor peptide(s) (i.e., 30-40% of the population). 
A further limitation is that, by selectively using 
MHC class I-restricted peptides, one also ignores 
the important roles of MHC class Il-restricted T 
helper cells in initiating and sustaining immune 
responses, including CTL responses. 1 

Vaccination Using DCs Loaded with Total 
Tumor Lysate Antigens 

Vaccination strategies directed against a single 
tumor antigen peptide or epitope may be overly 
narrow in scope, with the immune system in- 
vesting all of its effector resources in a single re- 
sponse. On the other hand, the use of whole tu- 
mor lysates as a source of antigen offers the 
potential advantage of inducing broad-spectrum 
T cell responses against multiple known, as well 
perhaps as unknown, tumor-associated antigens 
expressed within the tumor. As alluded to above, 
these might induce not only the critical baseline 
CTL responses, but also helper T cell responses 
important to a more complete realization of the 
full anti-tumor CTL potential. This approach also 
reduces the oftentimes very substantial efforts re- 
quired to identify and generate individual pep- 
tides, and leaves the choice of peptides to the DC 
itself, which selects all peptides within the lysates 
that are capable of binding to its MHC molecules. 
Alternately, in principle one could acid-elute tu- 
mor peptides from loaded MHC class I molecules 
on the surface of tumor cells as another means of 
accomplishing this but, in practical terms, total 
tumor lysate approaches to loading DC for tumor 
vaccine strategies can be highly effective. 

In two separate strains of mice with histologi- 
cally distinct tumors, s.c, injection of tumor lysate- 
pulsed DCs has been shown to effectively prime 
for subsequent rejection of lethal challenges with 
viable parental tumor cells, and also to reduce 
significantly the number of metastases subse- 
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quently established in the lungs of these ani- 
mals. 49 Experimental tumor lysate-DC vaccina- 
tion has also been effective against hepatocellu- 
lar carcinoma BNL1MEA.7R. 1 (BNL), 50 murine 
renal cell carcinoma, 51 and syngeneic GL261 
gliomas 52 in mice. Similarly, DCs that have been 
pulsed with lysates from pancreatic carcinoma 
cells, 53 malignant brain tumors, 54,55 or ovarian 
cancers 56 can induce tumor antigen-specific CTL 
responses in vitro. Most important, DC-tumor 
lysate vaccination of cancer patients has also been 
shown to be beneficial in the treatment of malig- 
nant melanoma, 23 parathyroid carcinoma, 57 ad- 
vanced breast 58 and uterine serous papillary can- 
cer, 59 renal cell carcinoma (RCC) 60 ~ 63 and solid 
tumors. 64 With the latter study, autologous mono- 
cyte-derived DCs were either pulsed with lysates 
of weakly immunogenic patient tumors or with 
the highly immunogenic antigen keyhole limpet 
hemocyanin (KLH), then the two DC populations 
were combined for vaccination of pediatric pa- 
tients. The rationale for this approach was that 
the immunogenic KLH would, through bystander 
effects, also make the tumor antigens more im- 
munogenic. Its safety was indicated by the fact 
that no obvious patient toxicity was observed. 
Significant regression of multiple metastatic sites 
was observed in one patient; in 5 of 10 patients 
their disease remained stable after treatment, and 
three of these (whom had had minimal disease at 
the time of vaccine therapy) remained tumor-free 
16-30 months later. 64 

In one parathyroid carcinoma patient treated 
with tumor lysate-pulsed autologous DCs, aug- 
mented in vitro T cell proliferative responses 
and delayed type hypersensitivity (i.e., erythema 
and induration) responses to tumor lysate chal- 
lenge were observed, suggesting that the treat- 
ments efficiently induced the generation of tu- 
mor lysate-specific memory T cells. 57 Seven 
glioblastoma multiforme patients and two 
anaplastic astrocytoma patients were given three 
biweekly vaccinations with autologous DCs 
loaded with tumor lysates; systemic CTL activ- 
ity was detected in four of seven of these pa- 
tients that were tested, while robust intratumoral 
cytotoxic and memory T-cell infiltration was de- 
tected in two of four patients who had again un- 
dergone surgery after vaccination. 54 These data 
indicate clearly that tumor antigen-laden DCs 
can be used safely to vaccinate cancer patients, 
and that these treatments can have beneficial ef- 
fects in these subjects. 



THERAPEUTIC USE OF TUMOR mRNA- 
PULSED OR TRANSFECTED DCs 

Just as DCs can be treated with tumor peptides 
or lysates, they can be pulsed or transfected with 
tumor RNA. Successfully transfected DCs then 
translate the respective tumor proteins, with all 
of the epitopes they encode; when processed, 
these tumor antigens would also carry the ad- 
vantage of having broader HLA specificities and 
thus permit the induction of CTL responses al- 
most irrespective of the patient s HLA repertoire. 
A further advantage of using mRNA is that it can 
be isolated from murine tumor cell lines or from 
primary human tumor cells microdissected from 
frozen tissue sections, and amplified at will with- 
out loss of function 65,66 

DCs transfected with tumor cell mRNA can 
stimulate potent CTL responses and engender 
protective immunity in tumor-bearing mice. 65 
Tumor mRNA can be efficiently transfected into 
DC, resulting in superior translation product 
yields in these cells relative to other professional 
APCs, Most researchers have used mRNA/lipo- 
some complexes to transfect DCs, although more 
efficient mRNA delivery may be achieved by 
electroporation when using human hematopoietic 
cells. 67,68 . Such mRNA-mediated delivery to 
DCs of encoded tumor antigens can induce po- 
tent primary T cell responses in vitro. This is 
largely because transfection of DCs with tumor 
mRNA delivers maturation/activation signals to 
the cells and mediates efficient delivery of anti- 
genic peptides to MHC class I and II molecules. 
Thus, when used in anti-tumor vaccine strategies, 
this approach has the potential to potently induce 
tumor- specific effector T cell activation. 69 * 70 In- 
vestigations such as these provide a theoretical 
foundation for broadly applicable tumor treat- 
ments that do not require prior characterization 
of the relevant antigenic profile for each patient 
(i.e., the tumor peptides presented by their own 
HLA haplotype specificities) and would not be 
limited by the availability of tumor tissues for 
antigen preparation 66 

As noted previously, MUC1 antigen is aber- 
rantly overexpressed in human breast and other 
carcinomas. It has been shown that DCs that have 
been transfected with MUC1 mRNA induce CTL 
responses against MUC1 -positive, but not MUC 1- 
negative, tumor cells. Mice immunized with such 
MUC 1 -transfected DCs were protected against 
challenge with MC38/MUC1 tumor cells and, 
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furthermore, established MC38/MUC1 tumors 
were eliminated after vaccination. Moreover, 
vaccination with DCs transfected with MUC1 
mRNA and IL-12 reversed immunologic toler- 
ance to MUC1 in the animals and induced im- 
munity against MUC1 -positive tumors. 71 

Prostate-specific antigen (PSA) is a self-anti- 
gen expressed by both normal and malignant pro- 
static epithelium. In this tumor system too, au- 
tologous DCs transfected with PSA mRNA were 
capable of stimulating primary CTL response 
against PSA antigens in vitro. These PSA-spe- 
cific CTL did not cross-react with kallikrein, an 
endogenous protein that shares significant ho- 
mology with PSA, suggesting that autoimmune 
toxic effects may not represent a significant prob- 
lem in this system. 72 Autologous DCs transfected 
with RNA amplified from microdissected pro- 
static tumor cells can also stimulate CTL re- 
sponses against a broad set of unidentified and 
critical prostate-specific antigens, These results 
confirm the principle that, for prostate cancer pa- 
tients, the use of tumor RNA-transfected DCs 
may represent a broadly applicable and clinically 
effective vaccine strategy that will not be limited 
by tumor antigen availability and which may 
minimize the risk of clonal tumor escape. 73 While 
autologous DCs pulsed with the immunogenic 
protein KLH and mRNA from advanced col- 
orectal tumors have been used in clinical trials, 
to date dramatic clinical responses have not been 
observed over the brief follow-up periods extant 
since the treatments. 74 While DCs transfected 
with the urothelial carcinoma tumor mRNA can 
to some extent activate tumor-infiltrating lym- 
phocytes, these cells are not highly effective at 
tumor cell killing; after one stimulation, their cy- 
totoxicity achieved 35.7% at an effector: target 
ratio of 50:1 75 Nevertheless, total tumor RNA- 
transfected DCs may represent a broadly applic- 
able vaccine strategy to induce potentially thera- 
peutic polyclonal T-cell responses in cancer 
patients. 76 



THERAPEUTIC EFFICACY OF DCs 
LOADED WITH NECROTIC OR 
APOPTOTIC TUMOR CELLS 

DCs can readily take up soluble tumor anti- 
gens, such as proteins or immune complexes, 
but can also phagocytose dying (e.g., apoptotic 
or necrotic) tumor cells, and thereby induce pro- 
tective antitumor immunity. 77,78 The recognition 



and uptake of apoptotic cells by DCs is regulated 
by specific receptors such as aV/35 5 CD36, or the 
phosphatidylserine receptor, 79,80 while uptake of 
necrotic cells is mediated by CD91, the receptor 
for heat shock proteins (hsp) exposed on these 
cells. 81,82 The advantages of using dying tumor 
cells as a source of tumor antigens are that: (i) 
DCs can present or cross-present both MHC class 
I and II epitopes of a defined tumor antigen, 83 or 
multiple tumor antigens (e.g., MAGE3 and gplOO 
of melanoma tumors); 79,84 and (ii) unlike the case 
with peptide-pulsed DCs, this approach is inde- 
pendent of HLA haplotype and can thus be ap- 
plied equally to all patients. 

The uptake of dying cells decidedly impacts 
DC maturation. Controversy exists, however, 
with respect to the best phagocytic target for op- 
timal antitumor priming. According to the dan- 
ger signal theory of Matzinger, 85 the immune sys- 
tem should be activated by internal injuries that 
signals such as the cellular necrosis that signals 
threats to the organism, but not by signals asso- 
ciated with more normal homeostatic processes, 
such as apoptosis. 86 Thus, it has been reported 
that DCs that have captured necrotic tumor cells 
induce immunological tolerance to the tumors, 87 
although numerous other reports indicate that DC 
phagocytosis of apoptotic tumor cells can also in- 
duce effective antitumor immunity. 88,89 It has 
now been clearly demonstrated that the target 
cell's stage within the apoptotic process impor- 
tantly affects the maturation of DCs engulfing the 
cells and thus also the antitumor immunity these 
cells can induce. Specifically, only tumor cells in 
the late, but not early, phases of apoptosis stim- 
ulate DC maturation and antitumor immunity. 90 
Recent comparative analyses have shown that 
necrotic and late phase-apoptotic cells equally ef- 
fectively trigger DC maturational changes that 
lead to the induction of antitumor immunity 91 As 
noted above, DC phagocytosis of necrotic tumor 
cells is dependent on their expression of hsp, as 
is their subsequent maturation and thereby abili- 
ties to induce anti-tumor immunity 91-93 We have 
shown that DCs that have phagocytosed tumor 
cells undergoing necrosis/apoptosis (as a result of 
exposure to lovastatin) undergo strong matura- 
tion responses, with up-regulated expression of 
proinflammatory chemokines and cytokines, and 
coimmunostimulatory molecules. These cells in- 
duce stronger protective immunity against tumor 
challenge in animal models than do DCs pulsed 
with MHC class I-restricted tumor peptides. This 
would be, at least in part, because the DCs that 



606 



phagocytosed effete tumor cells would present 
multiple MHC class I- and II-restricted tumor 
antigen epitopes. 94 DCs loaded with apoptotic 
leukemia cells are similarly protective against 
leukemia development in a mouse model sys- 
tem. 95 Furthermore, when combined with the de- 
livery of IL-2, adoptive transfer of DCs that have 
been pulsed with apoptotic squamous cell carci- 
noma cells significantly suppresses tumor 
growth 96 

Cross-presentation of tumor cell-derived anti- 
gens can be achieved by DCs loaded with killed 
tumor cells, which present MHC class I- and class 
II-restricted tumor peptides and thereby induce 
proliferation of autologous tumor-specific CD8 + 
and CD4 + T cells. Tumor cell-loaded DCs elicit 
expansion of CTLs specific for the tumor cells 
used for immunization. In cases where allogeneic 
cells are used, the induced CTL activity is not re- 
stricted to the alloantigens; and the induced allo- 
geneic responses do not prevent activation of tu- 
mor-specific T cells. This finding thus opens the 
possibility of using allogeneic tumor cells as 
sources of antigen for tumor therapy. 97 ' 98 In sum- 
mary, DCs that have phagocytosed apoptotic/ 
necrotic tumor cells appear to offer another new 
strategy in DC cancer vaccination. 



IMPACT OF DC TRANSGENE 
EXPRESSION ON VACCINATION 
EFFICACY 

Although the approaches described above are en- 
couraging, they will not be applied in the major- 
ity of clinical cases largely because of the tech- 
nical difficulties that accompany the preparation 
of such materials from human solid tumors. A 
new strategy, employing genetically modified 
DCs, recently has been developed for use in DC 
vaccination. The target genes transferred into the 
DCs fall into two categories, tumor-associated 
antigens (TAA) and immunomodulatory proteins 
such as cytokines or costimulatory molecules. 
Various methods have been used to introduce 
genes into DCs, including cationic lipids, 99 elec- 
troporation, 100 biolistic delivery (i.e., the gene 
gun ), 101 complexes of plasmid DNA expression 
constructs with the cationic peptide CL22, 102 
nonviral T7 vector, 103 viral vectors and adenovi- 
ral/polycation complexes. 104 The viral vectors 
that have been used up to now are poxvirus such 
as modified vaccinia Ankara (MVA), 105 retro- 
virus, 106 such as new lentiviral vectors derived 



from SIVmac251 (a simian immunodeficiency 
virus (SIV), 107 herpesvirus, 108 Semliki Forest 
virus (SFV), 109 influenza virosomes, 110 adeno- 
associated virus, 20 ' 111 canarypox virus, 112 and 
adenovirus (AdV), Compared with the other vec- 
tors, the AdV vectors have the following advan- 
tages: (i) they have been studied widely and are 
very well-characterized (they comprise a long- 
standing model system for eukaryotic gene reg- 
ulation); (ii) they have an intermediate size 
genome (—36 kilobases) that is capable of sup- 
porting large-sized gene inserts; (iii) they are easy 
to generate and manipulate; (iv) they are rela- 
tively stable and can be readily obtained in high 
titers (e.g., 10 n -10 12 plaque-forming units/ml); 
(v) they exhibit high infectivity for a broad range 
of host species in vitro and in vivo, including non- 
dividing cells; (vi) because they do not require 
integration into the host cell genome, foreign 
genes so delivered are expressed episomally, and 
thus have low genotoxicity in vivo; (vii) the vec- 
tors can be introduced to different tissues via a 
variety of routes of administration; and (viii) no 
significant side effects have been reported fol- 
lowing early clinical application or vaccination 
with AdV vectors. 113 Furthermore, replication- 
deficient Ad vectors represent a highly efficient 
and reproducible method of gene transfer into 
DCs, and one that enhances the maturation of 
these cells, 114 but does not markedly alter the phe- 
notype of the cells or induce cytopathic effects. 115 
Human monocyte-derived DC are permissive to 
AdV infection (independent of the coxsackie AdV 
receptor) at multiplicities of infection between 
100 and 500. 115 Other notable observations are 
that DC infection with MART- 1 -carrying AdV 
(AdVMARTl) does not significantly down-regu- 
late the expression of cell surface MHC class I, 
even if the AdV E3 region is not deleted. 116 Also, 
immune responses to adenovirally-delivered 
transgenes are not impaired in mice that had been 
preimmunized against AdV (as might occur nat- 
urally in the general human population). 114 Thus, 
delivery of AdV-human tyrosinase-related pro- 
tein-2 (hTRP2)-transduced DCs, but not recom- 
binant AdV-hTRP2 virus by itself, was effective 
in inducing responses to hTRP2 in the presence 
of neutralizing an ti-adeno viral antibodies. 117 

DCs Engineered to Express Tumor- 
Associated Antigens 

The strategy of using genetically modified DCs 
expressing specific cancer antigens has several 
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advantages over using DCs simply pulsed with 
tumor antigen proteins or peptides. These include 
(i) a reduced need to assess the immunologic rel- 
evance of individual cancer-specific peptides (as 
long as the molecules transduced into the DCs 
are immunogenic), and (ii) the tumor proteins be- 
ing constitutively-synthesized within the DC will 
allow for specific antigen presentation to T cells 
for longer periods without the concerns about the 
breakdown of peptide/MHC complexes. DCs that 
express tumor antigen transgenes are also more 
potent primers of antitumor immune response 
than their soluble antigen-pulsed counterparts, as 
determined both in vitro and in animal models. 118 
Another advantage of using DCs engineered to 
express tumor antigens is their potential for gen- 
erating CD8 + T cell responses against multiple 
class I-restricted epitopes within the antigen, 
thereby eliciting a broad antitumor effector re- 
sponse. 118 Immunization through ex vivo trans- 
duction of DCs has been demonstrated as an ef- 
fective approach to enhance antitumor immunity 
by activating CD8 + , as well as CD4 + , T cells. 119 
As shown in Table 1, MAGE- 1, glycoprotein 100 
(gpl 00), MART-1 , multiple melanoma tumor- as- 
sociated antigen (TAA), hTRP2, p53, MUC-1 
and other antigen genes have been used to trans- 
feet murine and/or human DCs and thereby in- 
duce tumor antigen-specific immune responses. 

Replication-deficient recombinant AdV encod- 
ing human gpl 00 or MART-1 melanoma antigen 
have been used to transduce human DCs ex vivo 
in model systems for cancer vaccine therapy. Hu- 
man DCs that have been transduced with a repli- 
cation-defective El -deleted AdVMARTl pro- 
duce full-length MART-1 mRNA and protein. In 
vitro challenges with such DCs stimulated 
MART-l(27-35)-specific tumor-infiltrating lym- 
phocytes to synthesize IFN-y and induced the 
generation of peptide-specific, MHC class I-re- 
stricted CTL within peripheral blood lymphocyte 
(PBL) from normal donors. A second generation 
E1/E4 region-deleted AdV (which harbors the 
CMV immediate-early promoter/enhancer and a 
unique E4-ORF6/pIX chimeric gene; Ad2) has 
also been developed. DC transduced with Ad2/ 
gpl00v2 can elicit tumor- specific CTL in vitro 
from patients bearing gplOO 4 " metastatic mela- 
noma. 115 Similarly, transduction of an HLA- 
A2 + /MART-1" cell line with AdVMARTl ren- 
ders these cells sensitive to lysis by CTL specific 
for the MART-l(27-35) immunodominant pep- 
tide. 116 Mice vaccinated with AdVMARTl -DCs 
generated protective responses to lethal tumor 



challenges with murine B16 melanoma cells. 
These responses were mediated by MHC class I- 
restricted, MART-1 -specific CTL which produce 
high levels of IFN-y when re-exposed to MART- 
1 in vitro, and kill their targets in a manner sug- 
gestive of perforin/granzyme-dependent lysis. 120 

An induction of tumor antigen-specific CD4 + 
and CD8 + T cells could be critical in the gener- 
ation of an optimally effective immunotherapy for 
cancer. DCs transduced with gplOO induce the de- 
velopment of T cells recognizing three distinct 
HLA-A2-specific epitopes (i.e., gpl00(i54_i62), 
gpl 00(209-217), and gpl00 (2 80-288)) as well as 
CD4 + T cells specific for a novel HLA-DR- 
betal*0701-^estricted gpl 00 epitope. The mini- 
mal determinant of this newly-discovered epitope 
was defined as gpl00(i74_i90) (i.e., TGRAML- 
GTHTMEVTVYH). These observations confirm 
that retro virally-transduced DCs can present mul- 
tiple MHC class I- and class Il-restricted tumor 
peptides, and thereby elicit robust immune re- 
sponses against gplOO. 106 Immunization of 
C57BL/6 mice with DCs transduced with Ad2 
expressing human gpl 00 melanoma antigen 
(Ad2/hugpl00) elicits the development of 
gplOO-specific CTLs that can lyse syngeneic fi- 
broblasts also expressing Ad2/hugpl00, or B16 
cells expressing endogenous murine gplOO, This 
induction of gplOO-specific CTLs is dependent 
on the presence of antigen-specific CD4 + T cells. 
It gives rise to a long-term protection against 
lethal s.c. challenges with B16 cells, the level of 
which is dependent on the numbers of DCs used 
for the immunizations. 114,115 Interestingly, the 
potency of the DC-AdhugplOO vaccine appears 
to be a result of its ability to directly prime au- 
toreactive CD4 4 * cells through a process that does 
not require IL-12 and CD40 signals. 1 19 DC-based 
immunization can also afford partial protection 
against established B16 tumors, and this effect is 
improved by simultaneous immunization with 
DCs transduced with two melanoma antigens as 
opposed to only one. 114 Immunization via either 
i.v. or s.c. routes with cultured AdV-mTRP2- 
transduced DC could completely prevent the de- 
velopment of lung metastases following i.v. chal- 
lenge of mice with B16 melanoma cells. T cell- 
depletion analyses indicated that here too the 
protective effects of immunization with AdV- 
mTRP2-transduced DC involved the participa- 
tion of both CD8 + and CD4 + T-cells. 121 

Genetic immunization using DC transduced ex 
vivo with an AdV expressing the HER2/neu gene 
(AdNeuTK) can also induce immunity against a 



608 



breast tumor cell line overexpressing HER2/ 
neu. 122 Subcutaneous immunization with this DC 
vaccine elicited protective immunity from tumor 
challenge in 60% of the treated animals, and CTL 
analyses demonstrated that the animals displayed 
specific cytotoxic activity against breast tumor 
cells, as well as syngeneic fibroblasts transduced 
with AdNeuTK. In vivo depletion studies dem- 
onstrated that, here too, both CD4 + and CD8 + T 
cells were required for effective immunity. In a 
therapeutic setting, these immunizations could 
cure mice with established tumors, with the effi- 
cacy of this effect being enhanced by also trans- 
ducing the DCs to express murine IL-12 (Ad- 
VmIL-12). 122 Autologous CD34+ hematopoietic 
progenitor-derived DC retro virally-transduced 
with a HER2/neu gene elicited HER2/neu-spe- 
cific CD8 + CTL that lyse HER2/neu-overex- 
pressing tumor cells in the context of distinct 
HLA class I alleles. The induction of both HLA- 
A2 and -A3-restricted HER2/neu-specific CTL 
was verified on a clonal level, and the presence 
of CD4 + Thl cells recognizing HER2/neu in the 
context of HLA class II was also documented. 
These HLA-DR-restricted CD4 + T cells were 
cloned and found to release IFN-7 upon stimula- 
tion with DC that had been pulsed with HER2/ 
neu extracellular domain. These data indicate that 
retrovirally-transduced DC expressing the HER2/ 
neu molecule present multiple peptide epitopes 
and elicit HER2/neu-specific CTL and Thl cells. 
Importantly, this method of stimulating HER2/ 
neu-specific CD8 + and CD4 + T cells with retro- 
virally-transduced DC could also be successfully 
employed for in vitro generation of HER2/neu- 
specific CTL and Thl clones from a patient with 
a HER2/neu-overexpressing breast cancer. This 
is, conceptually and practically, an important ad- 
vance in DC vaccination therapy, for it provides 
a method for the generation and expansion of 
HER2/neu-specific, HLA-restricted CTL and 
Thl clones in vitro. This will facilitate effective 
adoptive transfer of autologous HER2/neu-spe- 
cific T cell clones into patients with HER2/neu- 
overexpressing tumors, without a need to define 
each tumor s immunogenic peptides. 123 

DCs engineered to express 
immunomodulatory molecules 

As outlined in detail above, transduction of DCs 
with tumor antigens offers distinct advantages 
over simple pulsing of the cells with tumor pep- 
tides or lysates. Nevertheless, a major disadvan- 



tage is the critical nature of selecting an appro- 
priate tumor antigen as the DC transduction can- 
didate. MHC haplotype restrictions apply in the 
presentation of CTL and other epitopes, such that 
a substantial proportion of the candidate patient 
base may not be capable of responding to any one 
chosen peptide/antigen. An alternate strategy has 
been developed recently to augment the ability of 
DCs to present tumor antigens, and that is trans- 
ducing them with expression vectors such that 
they constitutively express immunomodulatory 
proteins such as cytokines and chemokines. Thus, 
DCs genetically modified to express a T cell stim- 
ulatory cytokine, for example, could possess ad- 
juvant-like properties useful in the treatment of 
any number of tumors, so long as sources of TAA 
were available. One could instead transduce the 
tumor cells themselves and count on their subse- 
quent recruitment of APCs, but since DCs are 
themselves professional APC designed by nature 
to deliver their cytokines in precisely the correct 
context, 126 immunomodulatory gene-modified 
DCs (Table 1) would represent potentially more 
potent vaccines than similarly modified tumor 
cells. 

GM-CSF is an essential in vitro growth and dif- 
ferentiation factor for DCs. 13 The fact that in vivo 
administration of GM-CSF augments primary 
immune responses suggests that enforced GM- 
CSF expression by DCs could perhaps further en- 
hance the effectiveness of DC-based immuno- 
therapy protocols. In vitro, the phenotype of bone 
marrow derived-DCs (BM-DCs) remains largely 
unaltered by GM-CSF gene transfection, but in- 
fection of the DC cell lines XS52-4D and XS106 
with adenovirus-GM-CSF up-regulates their ex- 
pression of MHC and costimulatory molecules, 
as well as their alloantigen or peptide antigen- 
presenting capacities. On the other hand, when 
used for in vivo immunizations, the antigen-pre- 
senting capacity of GM-CSF gene-transfected 
BM-DCs was greatly enhanced relative to mock- 
transfected or untreated DC, as determined by 
their abilities to induce primary immune re- 
sponses to haptens, protein antigens, or tumor 
antigens. This increased efficacy correlated with 
an augmented migratory capacity of GM-CSF 
gene-transfected BM-DCs in vivo. These data 
thus suggest that GM-CSF gene transfection may 
be useful in improving DC-based vaccines cur- 
rently under clinical investigation. 127,128 

TNF-a is another mediator known to contrib- 
ute to both DC maturation and activation, and 
thus DCs generated by culture in GM-CSF and 



609 



exogenous TNF-a have been used for antitumor 
vaccination. 129 ' 130 It is perhaps not surprising that 
vaccination of animals with TNF-a-transfected 
tumor peptide-pulsed DCs leads to increased sur- 
vival times relative to animals simply treated with 
untransformed peptide-pulsed DCs. 131 More re- 
cently, we have shown that transfection of DCs 
with recombinant adenovirus AdV-TNF-a results 
in greater maturation of the DCs than occurs with 
control DCs cultured in levels of exogenous 
TNF-a equivalent to those secreted by the DCAd- 
vtnf-c*. Thus the DCAdVTNF-a display up-regu- 
lated expression of proinflammatory cytokines 
(e.g., TLA/3 and IL-18) and chemokines (e.g., IP- 
10 and MIP-1/3), the CC chemokine receptor 
CCR-7, and immunologically important cell 
surface molecules (e.g., CD40, CD86, CD54). 
DCAdVTNF-a also (i) stimulated stronger allo- 
geneic T cell responses in vitro and T cell acti- 
vation in vivo, (ii) displayed enhanced chemo- 
tactic responses to MIP-3/3 in vitro, and (iii) 
trafficked in vivo into draining lymph nodes dra- 
matically more efficiently than control DCs, Vac- 
cination of mice with Mutl peptide-pulsed DCAd- 
VTNF-a more efficiently stimulated in vitro Mutl- 
specific CD8 + CTL responses and induced solid 
tumor immunity in vivo, relative to DCs cultured 
inTNF-t*. 132 

IL-12 is a heterodimeric cytokine produced by 
many types of cells, including DCs, macro- 
phages, leukocytes, and keratinocytes. 133 It can 
enhance NK cell and CTL activities, and plays a 
key role in the induction of Thl-type immune re- 
sponses. DCs expressing an IL-12 transgene (and 
secreting —25 ng rIL-12/10 6 cells/48 h) can pro- 
mote enhanced specific anti-tumor CTL re- 
sponses compared to nontransduced DC. 134 Sim- 
ilarly, intratumoral injection of such IL-12 
transduced BM-DCs leads to regression of 
weakly immunogenic (day 7) established tumors 
(MCA205, B16, and D122) and to complete re- 
gression of established murine transplantable 
colon adenocarcinomas. This DQl-12 antitumor 
effect (and the induction of tumor- specific Thl 
responses) is substantially greater than that ob- 
served with similarly IL-12-transduced syn- 
geneic fibroblasts or nontransduced BM-DCs. 
Splenic DCs engineered to express augemented 
levels of IL-12 also elicit therapeutic antitumor 
immune responses. 135 " 137 

Secondary lymphoid tissue chemokine (SLC) 
is a CC chemokine that is selective in its re- 
cruitment of naive T cells and DCs. 139 ' 140 In the 
lymph node, SLC is believed to play an impor- 



tant role in the initiation of immune responses by 
co-localizing naive T cells with DCs that are pre- 
senting (tumor) antigen. Intratumoral injection of 
SLC-expressing DCs (DCslc) results in tumor 
growth inhibition that is significantly better than 
observed with either control DCs or SLC alone. 
Similarly, distant site immunization of tumor- 
bearing mice with DCslc that have been pulsed 
with tumor lysates elicits antitumor responses, 
whereas control DCs do not. Direct administra- 
tion into growing B16 melanomas of DCslc in- 
duces a substantial and sustained influx of T cells 
into the tumor mass, with only transient increases 
in T cell numbers in the draining lymph node 
(DLN), suggesting that the DCs are largely re- 
tained at the tumor sites, with only a very small 
proportion of them trafficking to the DLN. 
Within 24 h, the T cells infiltrating the tumors 
express the activation marker CD25 and within 7 
days they develop IFN-y-secreting function, in 
concert with a detectable inhibition of tumor 
growth. These reports demonstrate that SLC ex- 
pression by DCs can induce antitumor responses 
that lead to enhanced antitumor immunity. 141)142 
CD40 ligand (CD40L) is a 33-kDa type II 
membrane protein that is a member of the tumor 
necrosis factor (TNF) gene family. It is prefer- 
entially expressed on activated CD4 + T 
cells. 145 ' 146 The receptor for CD40L is the CD40 
molecule (a member of the TNF receptor fam- 
ily) expressed on APCs, including DCs. It has 
recently been reported that CD40-CD40L inter- 
actions are essential for CD4+ T cell-dependent 
activation of DCs. 147-151 Thus, we have investi- 
gated the effects on the induction of antitumor 
immunity of vaccinating mice with DCs engi- 
neered to express CD40L, Our data show that 
transfection of DCs with recombinant adenovirus 
AdV-CD40L (DCac1vcd40l) resulted in activa- 
tion of the DCs (somewhat as noted above for the 
DCAdVTNF-a; 134 with up-regulated expression of 
proinflammatory cytokines (IL-1/3 and IL-12), 
chemokines (RANTES, IP-10, and MlP-la), and 
immunologically important cell surface mole- 
cules (CD54, CD80, and CD86). Our data also 
demonstrate that DCAdvcD40L are able to stimu- 
late enhanced Mutl-specific CTL responses in 
vitro. Furthermore, vaccination of mice with 
Mutl peptide-pulsed DCAdVCD40L induces aug- 
mented antitumor immunity in vivo, completely 
protecting eight of eight mice from challenge 
with high doses of 3LL tumor cells. 152 Moreover, 
in B 16 and CT26 murine tumor models, injection 
of DCcd40L into established (day 8) subcutaneous 
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tumors resulted in sustained tumor regression and 
augmented animal survival The intratumoral 
DCAdvCD40L-recipient mice expressed tumor- 
specific CTL responses, and transfer of their 
spleen cells efficiently protected naive mice 
against a subsequent tumor challenge. In a dis- 
tant two-tumor model of metastatic disease, un- 
treated B 1 6 tumors in the right flanks of mice re- 
gressed in parallel with DCcD40L-freated left 
flank tumors. 153 These results support the con- 
cept that genetic modification of DCs with a re- 
combinant CD40L adenovirus vector may be an- 
other useful strategy for directly activating DCs 
to be employed for cancer immunotherapy. 



OTHER FACTORS THAT AFFECT THE 
DC VACCINE EFFICACY 

There are many factors that can affect the effi- 
cacy of DC-based vaccines for cancer therapy. 
These include the DC doses, and their route(s) 
and interval(s) of administration, and the choice 
of antigens, method of antigen loading and the 
maturation stage of the DCs. 

The Presentation Density of Tumor Antigens 

The ability of some peptide-pulsed DCs to induce 
antitumor immune responses depends on the den- 
sity of the tumor antigens on the DCs, and the 
relative proportions of the protective antigen (s), 
relative to irrelevant proteins. It has been shown 
that peptide preparations from one tumor cell line 
can confer protection against challenge with the 
same tumor cell line, while protective immunity 
to a different tumor line could be induced only if 
the cells used for peptide preparation presented a 
high relative proportion of the specific antigen 
peptide (LCMV33--41) in association with MHC 
class I. 154 T cell activation after DC vaccination 
is also dependent on the type of antigen and its 
mode of delivery. Thus, CEA605-6i3~pulsed DCs 
failed to induce clinical responses, while DCs 
pulsed with the derivative peptide, 61 0d> can 
prime for antigen-specific immunity, and have 
shown promising preliminary clinical results. 31 
This suggests that it is likely advisable to incor- 
porate multiple peptides or antigens into DC vac- 
cination strategies in order to reduce the risk of 
possible immune escape of the target tumor cells. 
This includes the MHC class I-restricted anti- 
gens, but also the MHC II-restricted peptides, 
which may be important for optimizing antitumor 



effects through recruitment of CD4 + T helper 
cells into the responses. 121,123 

Carrier Effects and Regulation of Tumor 
Protein Immunogenicity 

Linkage of a foreign carrier protein to a self-tu- 
mor antigen, and the addition of foreign helper 
protein during tumor lysis and peptide-pulsing, 
can enhance the immunogenicity of pulsed DC 
vaccines. Thus, vaccination of mice with Id- 
pulsed DCs induces anti-Id Abs only when the Id 
protein was modified such that it in effect com- 
prised a hapten-carrier system. DCs pulsed with 
Id proteins modified to include foreign constant 
regions plus GM-CSF, or linkage to a KLH car- 
rier protein were increasingly potent in their abil- 
ity to elicit anti-Id Abs. 155 DCs pulsed with both 
KLH and tumor lysate mediated enhanced im- 
mune priming and rejection of established metas- 
tases in vivo, and this effect was T cell-depen- 
dent. Treatment with DCs pulsed with KLH and 
mouse TRP-2 peptide resulted in reductions in 
B16 melanoma metastases; the effect was most 
pronounced in settings where TRP-2 peptide- 
pulsed DCs alone are completely ineffective. 156 
In another series of experiments, a viral oncogene 
that carries a series of well-defined ^/Dere- 
stricted epitopes (i.e., SV40 large T antigen; T- 
Ag) was expressed in P815 and Meth-A murine 
tumor cells in heat shock protein (hsp)-associated 
or -independent forms. The wild-type T-Ag (wtT- 
Ag) is expressed without stable hsp association, 
while the mutant cytoplasmic (cT-Ag) is ex- 
pressed in stable association with the constitu- 
tively expressed, cytosolic hsp73 protein. The au- 
thors found that, in vitro, remnants from 
apoptotic wtT-Ag- or cT-Ag-expressing tumor 
cells could be taken up and processed by imma- 
ture DC, and the K b /D b -binding epitopes (Tl, 
T2/3, and T4) of T-Ag cross-presented to CTL in 
a TAP-independent manner. However, these DC 
cross-presented the three T-Ag epitopes more ef- 
ficiently in the context of hsp73/cT-Ag com- 
plexes than in the context of non-hsp-associated 
(native) T-Ag. This suggests that an association 
of an oncogene with constitutively expressed cy- 
tosolic hsp73 within apoptotic tumor cells facil- 
itates cross-priming by the DC of CTL, both in 
vitro and in vivo} 51 However, mature human 
DCs can boost functionally superior CD8 + T-cell 
without foreign helper epitopes. 158 Anti-tumor 
vaccination using DC pulsed with MAGE pep- 
tides potently induces a transient MAGE-driven 
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IFN-y response that is not influenced by the de- 
livery of additional nonspecific T-cell help. 159 

DCs generated either from CD34 + progenitor 
cells or from monocytes may differ in their abil- 
ities to activate antigen-specific CD8 4 " T cells, as 
it has been reported that more antigen-specific 
CD8 + T cells develop following antigen peptide 
presentation by CD34 4 " progenitor cell-derived 
DCs than develop when monocyte-derived DCs 
are employed 160 . 

Host Anti-DC/Tumor Protein CTL 
Responses 

One potential complication that could arise as a 
consequence of repeated patient vaccination with 
tumor peptide-carrying DCs is that these cells 
could themselves become targets of the host s 
CTL response. Indeed, weekly administration of 
peptide-pulsed DCs has been shown to lead to a 
diminishing CTL activity, 161 and such CTL-me- 
diated clearance of antigen-loaded DCs has a no- 
table effect on immune responses in vivo. Anti- 
gen-specific CD8 + T cells may fail to respond to 
DCs loaded with antigen if the DCs are targets 
of a pre-existing CTL response, so that repeated 
immunization with LCM V33_4i-loaded DCs does 
not lead to enhanced CTL responses against LL- 
LCMV challenge. Nevertheless, repeated DC in- 
jections may be effective in maintaining effector 
function in "memory" CD8 + T cells that may 
have lost activity due to suboptimal presentation 
of antigen in the context of tumor tissue. The 
function of such CTL-mediated clearance of anti- 
gen-loaded DCs may be that of a negative feed- 
back mechanism designed to limit the activity of 
DCs within the lymph node. This concept of DC 
clearance has important implications for the de- 
sign of DCs-based immunotherapy protocols. For 
example, repeated immunizations at short inter- 
vals with DCs bearing MHC class I-bound tumor 
peptide may quickly become ineffective in en- 
hancing responses to this antigen as the peptide- 
loaded DCs are eliminated by the growing pep- 
tide-specific CTL response. 162 

Route of DC administration 

The route of DC administration has some influ- 
ence on DC migration to lymphoid tissues and 
thus on the efficacy of the DC vaccine. Syngeneic 
bone marrow-derived, tumor lysate-pulsed DCs 
administered directly into the lymph nodes gen- 
erated more potent protective antitumor immu- 
nity than analogous s.c. or i.v. DC immuniza- 



tion. 163 After a single vaccination with 1 x 10 6 
OVA-pulsed DC2.4 cells, tumors were rejected 
in the mice given their DC vaccinations i.d. (three 
of four mice), s.c (three of four mice), or i.p. (one 
of four mice). Double vaccinations further en- 
hanced the antitumor effect in the i.d. and s.c, 
but not the i.v., group. 164 In a clinical trial, three 
patient cohorts were immunized with antigen- 
pulsed DC by i.v., i.d., or intralymphatic (i.l.) in- 
jection, and all patients developed antigen-spe- 
cific T cell responses following immunization. 
However, induction of IFN-y production was 
seen only with the i.d. and i.l. routes of adminis- 
tration and, consistent with this apparent Thl 
(i.e., IFN-y response) antigen-driven IL-4 ex- 
pression was not seen, regardless of the route. In 
a human trial, five of nine patients immunized by 
the i.v. route developed antigen-specific antibod- 
ies, compared with one of six and two of six for 
groups treated via the i.d. and i.l. routes, respec- 
tively. These results suggest that, while activated 
DC can prime for the induction of specific im- 
mune responses regardless of route by which they 
are delivered, the quality of the responses can be 
affected by the DC delivery route. 165 DCs in- 
jected intravenously accumulate largely in the 
spleen, whereas those injected subcutaneously 
preferentially home to the T cell areas of the 
draining lymph nodes. It might be predicted a pri- 
ori that this could substantially impact the de- 
velopment of tumor-specific responses. Thus, in 
an autologous B16 melanoma model system in 
which TRP2 peptide-loaded DCs were used for 
vaccination, increased antitumor cytotoxic T-cell 
reactivity, delayed tumor growth, and improved 
survival were more evident after s.c. DC vacci- 
nation, than after i.v. vaccination. These data 
demonstrated that optimal induction of antitumor 
reactivity driven by the autologous melanocyte 
differentiation antigen TRP2-derived peptide 
correlated with the preferential accumulation of 
DCs in the T cell-rich areas of the lymph 
nodes. 166 

DC Maturation Status 

The maturation status of DCs used for antitumor 
vaccination has a decisive influence on the out- 
comes of peptide-pulsed DC strategies. Termi- 
nally differentiated mature DCs are necessary for 
the induction of optimal tumor antigen-specific 
CTL responses; DCs cultured in the presence of 
CD40L or LPS are more mature relative to DCs 
cultured with TNF or Flt3 ligand. 167 We have re- 



612 



cently investigated in some detail the impact of 
the relative maturation levels of DCs on their 
phenotypes. DC maturation driven by LPS lead 
to significantly heightened expression of the DC 
s antigen-presenting machinery (e.g., CD54, 
CD80, CD86) and numerous cytokines and 
chemokines/chemokine receptors (i.e., Flt-3L, G- 
CSF, IL-ljB and —1/3, IL-6, IL-12, CCL-2, -3, -4, 
-5, -17, and -22, MIP-2, and CCR7). These LPS- 
treated mature DCs are also significantly better 
at inducing effector T cell responses in vitro than 
less mature or immature DCs (generated by cul- 
ture in GM-CSF/IL-4- or GM-CSF-containing 
medium, respectively) 154 Furthermore, mice vac- 
cinated with these mature DCs better survived 
challenge with 3LL tumor cells (8 of 8 survivors) 
than did mice vaccinated with less mature (3 of 
8 survived) or immature (0 of 8 survivors) DCs. 
These data clearly underscore the potentially crit- 
ical nature of employing DCs of full maturity for 
DC-based antitumor vaccination strategies. 168 



SUMMARY 

In summary, DC-based cancer vaccines com- 
prise a particularly attractive approach to can- 
cer immunotherapy. In animal models, vacci- 
nation with DCs simply pulsed with tumor 
peptides, lysates, or RNA, or loaded with apop- 
totic/necrotic tumor cells induce significant an- 
titumor CTL responses and antitumor immu- 
nity. A step up from this, DCs expressing 
transgenes encoding tumor antigens are more 
potent primers of antitumor immunity both in 
vitro and in animal models in vivo than DCs 
pulsed with tumor peptides. Engineering DCs 
to express relevant cytokines or chemokines 
further improves their maturation status, and 
thereby their capacity to migrate to secondary 
lymphoid organs, stimulate tumor-specific T 
cell responses, and induce antitumor immunity 
in vivo. We have also discussed many factors 
that can importantly influence DC vaccination 
efficacy, including, (i) the type of tumor pep- 
tides used for pulsing DCs and their expression 
density on these cells, (ii) the timing and inter- 
vals of DC vaccination, (iii) the route of vacci- 
nation, and (iv) the DC maturation status. In 
conclusion, we predict that the next decade of 
DC vaccine research will continue to provide 
highly relevant insights into our ultimate ob- 
jective, the successful treatment of patients with 
tumors of all kinds. 
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